SUMMARY Microelectrode techniques were used to study the electrophysiological effects of hypertonic solutions on canine cardiac Purkinje fibers. Tyrode's solution was rendered hyperosmotic by the addition of sucrose to produce 320, 350,400, and 500 mOem solutions. Hyperosmotic solutions produced sucrose concentration-dependent hyperpolarization, increased the current required to effect all-ornone depolarization, slowed transmission, and prolonged action potential duration. The action potential prolongation was reversed or prevented by lidocaine (10~6 M). Treatment of potassium-depolarized Purkinje fibers with hypertonic solutions produced hvperpolarization, increased V M , phase 0, decreased the current required to evoke all-or-none depolarization, increased action potential duration, and increased transmission speed. The potent electrophysiological actions of hypertonic sucrose solutions probably derive from their osmotic effects rather than from selective actions at specific membrane sites or hormone receptor*. Ore Res 49: 1112-1118, 1981 NUMEROUS interventions have been proposed in recent years to protect or salvage ventricular myocardium during myocardial ischemia or infarction (Braunwald and Maroko, 1974) . Among these, hypertonic solutions have been shown to exert several significant effects that reverse the deleterious hemodynamic consequences of myocardial ischemia (Powell et al., 1976) . Although reduction of ischemic damage might reasonably reduce lethal arrhythmias commonly accompanying myocardial ischemia, little information exists regarding the potential antiarrhythmic effects of hypertonic solutions. Accordingly, this study was undertaken to evaluate the electrophysiological effects on canine cardiac Purkinje fibers of solutions rendered hypertonic by the addition of sucrose. The fibers were studied during exposure to normal and to various elevated extracellular potassium concentrations. Since the fibers were superfused rather than perfused, any electrophysiological effects of hypertonic solutions were independent of alterations of myocardial blood flow to the recording electrodes.
NUMEROUS interventions have been proposed in recent years to protect or salvage ventricular myocardium during myocardial ischemia or infarction (Braunwald and Maroko, 1974) . Among these, hypertonic solutions have been shown to exert several significant effects that reverse the deleterious hemodynamic consequences of myocardial ischemia (Powell et al., 1976) . Although reduction of ischemic damage might reasonably reduce lethal arrhythmias commonly accompanying myocardial ischemia, little information exists regarding the potential antiarrhythmic effects of hypertonic solutions. Accordingly, this study was undertaken to evaluate the electrophysiological effects on canine cardiac Purkinje fibers of solutions rendered hypertonic by the addition of sucrose. The fibers were studied during exposure to normal and to various elevated extracellular potassium concentrations. Since the fibers were superfused rather than perfused, any electrophysiological effects of hypertonic solutions were independent of alterations of myocardial blood flow to the recording electrodes.
Methods
Adult mongrel dogs of either sex were anesthetized with sodium secobarbital (30 mg/kg, iv) and their hearts were removed rapidly through a thoracotomy and immersed immediately in cool, oxygenated modified Tyrode's solution. Long (>10 mm), free-running, unbranched Purkinje false tendons were excised from either ventricle, attached ventricular muscle was trimmed, and the fibers mounted in a Lucite muscle chamber constantly superfused with modified Tyrode's solution gassed with 95% 02-5% CO2 and maintained at a temperature of 37 ± 0.2 °C. Composition of the modified Tyrode's solution (mM) was Na + , 138; K \ 4.0; Ca 2+ , 1.25; HCCV, 20.0; H 2 P<V + , 0.9; Mg 2+ , 0.5; and glucose, 5.5. Osmolality of the control solution was 280 mOsm, slightly hypotonic, and the pH was 7.40 ± 0.05. The preparations were stimulated at a constant cycle length of 800 msec via a bipolar stainless steel pacing electrode placed on one end of the Purkinje fiber. A second bipolar electrode was placed on the opposite end of the fiber to record extracellular electrograms. Conventional microelectrode techniques (Draper and Weidmann, 1951) were used to record transmembrane potentials from the midportion of the fibers. The following electrophysiological parameters were measured: membrane activation voltage (the transmembrane potential at the onset of phase 0), action potential amplitude, Vma*, action potential duration at 90% repolarization, and conduction time from the upstroke of the action potential to the rapid upstroke of the bipolar electrogram. When desired, (800 msec after the last extracellular stimulus) a 10-msec constant current-depolarizing pulse was injected. By varying the intensity of the pulse, the minimum current necessary to evoke all-or-none depolarization of the monitored cell was determined (Moore and Bloom, 1969) .
Following control recordings, the fibers were exposed to modified Tyrode's solutions rendered hyperosmotic by the addition of sucrose to produce solutions of 320, 350,400, and 500 mOsm. The fibers were exposed to each solution for 10 minutes. Preliminary studies demonstrated that steady state effects were achieved within 7 minutes and that control conditions were attained within 10 minutes after return to the modified Tyrode's solution.
In other experiments, the effects of hyperosmolar solutions were studied in the presence of an elevated extracellular potassium concentration. The fibers were exposed to modified Tyrode's solution containing 8, 10, 12, 16, or 20 mM potassium for 15 minutes, and the effects of the various hyperosmotic solutions were monitored for an additional 10 minutes.
In another series of experiments, we studied the effects of lidocaine on prolongation of action potential duration produced by sucrose. Following control measurements, fibers were exposed to Tyrode's solution containing sucrose (400 mOsm) for 15 minutes, then to solution containing 10~5 M lidocaine plus sucrose (400 mOsm) for 15 minutes, then to the control (280 mOsm), lidocaine-containing (10~6 M) solution for 20 minutes. Alternatively, the order of superfusion of sucrose and lidocaine was reversed.
In a final set of experiments, Purlrinje fibers were exposed to Tyrode's solution containing 12 HIM potassium, and the relationship between Vnuu and membrane activation voltage was determined both during potassium-induced depolarization and during subsequent return to control state following superfusion of Tyrode's solution containing 4 mM potassium. Then the fibers were exposed to hyperosmotic (400 mOsm) Tyrode's solution containing 12 mM potassium, and the relationship between V™, and membrane activation voltage was monitored, again during depolarization and following return to hyperosmolar solutions containing 4 mM potassium. In each case, the same cell was impaled throughout the course of the experiment.
Freshly excised Purkinje fibers of dimensions similar to those studied electrophysiologically were rinsed of blood, blotted, and weighed (±0.01 mg). After exposure for 15 minutes to the various hypertonic Tyrode's solutions, the fibers were blotted and placed in an oven at 52°C for 90 minutes. Previous experience indicated no further drying occurred after approximately 60 minutes. The dried fibers were reweighed, and wet:dry weight ratios were obtained.
Data were analyzed statistically using an analysis of variance. When significant differences were detected among multiple treatment groups, Duncan's multiple range test was applied to compare individual means. Results are expressed as mean ± standard deviation. The differences were considered significant when P < 0.05 (Dixon and Massey, 1969) .
Results
The effects of increasingly hyperosmotic solutions in a typical experiment are depicted in Figure   FIGURE Summary data describing the electrophysiological effects of hypertonicity on Purkinje fibers in solutions containing 4 mM K + are presented in Table 1 . At increased levels of osmolality, hyperpolarization and increased action potential duration were observed. Furthermore hyperosmolar solutions increased in a dose-dependent fashion the minimum current threshold requirements to elicit all-or-none depolarization. Hyperosmolar solutions effected no consistent changes in action potential amplitude or Vm,,, and caused slowing of conduction only in the most hvpertonic (500 mOsm) solutions. Figure 2 demonstrates the effect of hypertonicity on a Purkinje fiber exposed to 10 DIM K + throughout the course of the experiment. In panel A, the osmolality of the extracellular fluid was 280 mOsm. In panels B-D, osmolality was increased to 320, 350, and 400 mOsm, respectively. With increasing tonicity, hyperpolarization, increased action potential amplitude, increased action potential duration, increased Vmu phase 0, and decreased activation time occurred. In fact, the monitored action potentials changed from slowly rising, low amplitude potentials that were transmitted with significant delay to ones that displayed relatively rapid upstrokes, increased amplitudes, and considerably more rapid conduction time. Table 2 summarizes the effects of hypertonic solutions in the presence of various elevations of extracellular potassium. Increasing tonicity produced an increase in membrane activation ± 5 ±lit ± 91 ± 136f ±0.5|
[K+]o -extracellular potassium concentration, n ™ number of Purkinje fibers studied, OSM -osmolality in milliosmols, MAV •• membrane activation voltage in millivolts, APA -action potential amplitude in millivolts, APDJO -action potential duration measured at 90% of repolaniation, V™, = maximal rate of nxe of phase 0 in VOIU/BCC , I,h = minimal current requirements to eliat all-or-none depolarization in nanoamperes, C.T. -conduction time m msec ' P < 0.05 compared to control. t P < 0.01 compared to control.
voltage, action potential amplitude, action potential duration, V mai phase 0, a decrease in minimum current required for all-or-none depolarization, and a reduction of interelectrode activation time. At an extracellular potassium concentration of 10 mM, hyperpolarization was associated with a much greater increase in Vm a* than was observed when [K^J o in 350 and 400 mOsm Tyrode's solution were also parallel to each other and to the two lines shown, and were situated between the two lines that are depicted.
The effects of lidocaine 1 x 10" 6 M on action potential duration prolongation effected by hyper- Wet-to-dry weight ratios of Purkinje fibers exposed to normal Tyrode's solution (280 mOsm), and hyperosmotic solutions (350, 400, 500 mOsm) are presented in Table 3 . Intracellular dehydration, indicated by decreasing wet:dry weight ratios, increased with exposure to increasingly hyperosmotic solutions.
Discussion
When extracellular potassium concentration was 4 mM, increasing the osmolality from 280 to 500 mOsm produced hyperpolarization, an increase in the current threshold requirements to elicit all-ornone depolarization, an increase in action potential duration, and, in the most hyperosmolar solution, an increase in interelectrode conduction time. The degree of hyperpolarization is consistent with the observations of others both in heart muscle (Gibbons and Fozzard, 1971; Hermsmeyer et al., 1972; Houser and Freeman, 1980) and in skeletal muscle (Fozzard and Kipnis, 1967) , and probably is due to intracellular dehydration and consequent elevation of intracellular potassium concentration. The observed increase in current threshold requirements Abbreviations and probabilities as in Table I. during exposure to hyperosmotic solutions probably is due to the increased gradient between take-off potential and threshold potential (although threshold potential was not measured in these experi- ments). The decreased conduction speed noted at 500 mOsm might be due to separation of low ohmic resistance junctions (Sperelakis et al., 1970) , although preliminary unpublished data from our laboratory indicate inconsistent changes in effective input resistance in Purkinje fibers exposed to hypertonic solutions. More likely, delayed transmission might be due to the decreased excitability (Peon et al., 1978) , as measured by the increased current threshold requirements to elicit all-or-none depolarization observed in fibers exposed to hypertonic solutions.
A most significant electrophysiological change effected by hypertonic solutions when the extracellular potassium concentration was 4 mM was the marked increase in action potential duration. Repolarization delay in a functional syncytium may occur when, under conditions producing slowed conduction speed, eventual depolarization of distal elements electronically prolongs action potential duration proximally (Mendez and Moe, 1966; Bailey et al., 1973) . However, in the present study, action potential duration increased even as interelectrode conduction time decreased (Table 2 ). The duration of the action potential also may be increased by either an increase in the inward currents or a decrease in the outward current. On the one hand, pretreatment of Purkinje fibers with tetrodotoxin (1 x 10~6 M), a concentration sufficient to reduce Vmox by 30-50%, or with verapamil (3 x 10~6 M) did not prevent action potential duration prolongation resulting from hypertonic sucrose solutions (unpublished data). Moreover, the fact that hypertonic solutions did not shift the Vmu-membrane activation voltage relationship would suggest that the only effect of hypertonicity on the fast inward current was consequent to hyperpolarization and that hypertonic solutions do not alter the kinetic properties of the fast sodium channel. On the other hand, treatment of Purkinje fibers with lidocaine, an agent that increases potassium conductance during repolarization (Weld and Bigger, 1976) , significantly blunted or reversed the effects of hypertonic solutions. Therefore, the most likely explanation for the increased action potential duration during exposure to hypertonic solutions is a decrease in outward potassium conductance during phase 3 of the action potential. This explanation is consistent with the observation that, as EK is increased, such as in the present experiments by hypertonic solutions, total outward current (primarily potassium) during the action potential plateau decreases, and action potential duration increases (Noble, 1965) . Moreover, van der Walt and Carmeliet (1971) demonstrated action potential duration prolongation in bovine Purkinje fibers subjected to hyperpolarizing intracellular current injection. They observed that the increase in duration consequent to long, intense pulses was due to a delay in the onset of final repolarization that, in turn, was due to a decrease in potassium conductance. Hermsmeyer et aL, (1972) demonstrated that hypertonic solutions produced a loss of the plateau phase of action potentials and a depression of contractility recorded from guinea pig and cat papillary muscles but no loss of the plateau or contractions in cells from frog or chick ventricular muscle. Guinea pig and cat ventricular muscle cells exhibit well-developed transverse tubules whose volume increased markedly when the cells were exposed to hypertonic solutions. Frog and chick ventricular ceLls do not contain transverse tubules. Transverse tubules are also notably absent in Purkinje fibers, and it is clear from our experiments that hypertonic solutions do not abolish the action potential plateau of these cells.
In control Tyrode's solution, elevation of extracellular potassium prompted loss of membrane activation voltage. For a decade shift in [K + ] o , the potential changed 67 mV, a value close to the 62-mV shift predicted by the Nerst equation. Exposure of these potassium-depolarized fibers to hyper-osmotic, potassium-enriched Tyrode's solution produced significant hyperpolarization, increased action potential amplitude and duration, increased Vmai, lessened the current required to elicit all-ornone depolarization, and improved conduction speed. In the hyperosmotic solutions the relationship between membrane activation voltage and [K + ] o was 65 mV for a 10-fold change in [K + ] o , indicating that the membrane remained selectively permeable to potassium in hyperosmotic solutions. These observations are in accord with those of Houser and Freeman (1980) .
The mechanism for action potential duration prolongation in the potassium-depolarized fibers exposed to hyperosmotic solutions probably is the same as that in experiments using solutions with an extracellular potassium concentration of 4 mM, i.e., polarization-induced increase in the potassium equilibrium potential. Polarization also would activate more sodium channels, accounting for an increased Vmai. Decreased current threshold requirements probably result from a decrease in the gradient between threshold and activation voltage (threshold voltage was not measured), an increase in resting membrane resistance, or a combination of these factors. Increased conduction speed may also be due to a greater contribution by the fast inward current to rapid depolarization.
Previous investigations have demonstrated beneficial hemodynamic effects of hypertonic solutions in experimental myocardial ischemia or infarction. Powell et al. (1976) reported that hyperosmolar mannitol solutions reduced cell swelling, thereby reducing myocardial cell necrosis following coronary artery ligation. Others have reported that hypertonic solutions improve ischemic myocardial function (Willerson et al., 1972) , reduce the degree of ST segment elevation following ischemia (Willerson et al., 1972) , increase collateral blood flow to the ischemic area (Willerson et al, 1972) , and actually increase myocardial blood flow to the nonischemic as well as the ischemic areas of ventricular myocardium (Willerson et al., 1975) . More recently, however, others (Fixler et al., 1977) have reported that hypertonic mannitol exerts no long-term increase in blood flow to ischemic myocardium and that the ultimate size of infarcted myocardium is unaffected by hypertonic mannitol (Hirzel and Kirk, 1977) . The experiments reported in this paper indicate that hypertonic sucrose solutions exert potent electrophysiological effects on Purkinje fibers, especially those exposed to an extracellular milieu that probably exists during myocardial ischemia or infarction (Harris et al., 1954) . These effects of hypertonic solutions appear to derive primarily from the osmometric properties of the cardiac Purkinje cell sarcolemma, and apparently are not dependent on selective action at any ionic channel or hormone receptor. Furthermore, the electrophysiological effects of hypertonic solutions herein reported are independent of the effects of these solutions on myocardial blood flow. A priori, one cannot determine whether the electrophysiological effects of hypertonic solutions might be antiarrhythmic or arrhythmogenic. Enhancement of excitability, Vnu and conduction speed in depressed myocardium might abolish arrhythmias by restoring these electrophysiological parameters toward normal and by reducing the size of inexcitable myocardial "islands" necessary to the sustenance of microreentrant circuits. Alternatively, hypertonic solutions, by restoring excitability and conduction, albeit severely depressed, might reasonably enhance the likelihood of arrhythmias. If the latter circumstance prevailed, however, the prolongation of action potential duration, hence refractoriness, might limit the rate of resultant ectopic rhythms. Of particular importance regarding the arrhythmogenic potential of hypertonic solutions is the fact that no prior investigation has reported arrhythomogenic effects of these solutions. In fact, a recent editorial has suggested that hypertonic solutions might be beneficial in infarction size reduction in humans (Braunwald and Maroko, 1974) . The results of this study indicate that the possible antiarrhythmic effects of hypertonic solutions warrant further testing in an appropriate in vivo model of myocardial infarction characterized by reproducible ventricular arrhythmias.
